The MIT Faculty has made this article openly available. Please share how this access benefits you. Your story matters.
New constraints on the tectonic evolution of the Neo-Tethys Ocean indicate that at ∼90-70 Ma and at ∼50-40 Ma, vast quantities of mafic and ultramafic rocks were emplaced at low latitude onto continental crust within the tropical humid belt. These emplacement events correspond temporally with, and are potential agents for, the global climatic cooling events that terminated the Cretaceous Thermal Maximum and the Early Eocene Climatic Optimum. We model the temporal effects of CO 2 drawdown from the atmosphere due to chemical weathering of these obducted ophiolites, and of CO 2 addition to the atmosphere from arc volcanism in the Neo-Tethys, between 100 and 40 Ma. Modeled variations in net CO 2 -drawdown rates are in excellent agreement with contemporaneous variation of ocean bottom water temperatures over this time interval, indicating that ophiolite emplacement may have played a major role in changing global climate. We demonstrate that both the lithology of the obducted rocks (mafic/ultramafic) and a tropical humid climate with high precipitation rate are needed to produce significant consumption of CO 2 . Based on these results, we suggest that the low-latitude closure of ocean basins along east-west trending plate boundaries may also have initiated other long-term global cooling events, such as Middle to Late Ordovician cooling and glaciation associated with the closure of the Iapetus Ocean.
climate change | climate-tectonic connection | arc-continent collision O ver geologic time, atmospheric pCO 2 is regulated by a balance between sources and sinks (1) (2) (3) (4) (5) , including the products of volcanism (6) , metamorphism (7, 8) , and silicate weathering (4) , which are fundamentally the results of plate tectonic processes (9) (10) (11) . However, attempts to relate particular episodes of Cretaceous to recent climate change to specific tectonic events remain controversial (1, 9, (12) (13) (14) (15) .
Studies of present-day chemical weathering document an important control of lithology and paleogeography on weathering rates and associated CO 2 drawdown (16, 17) . Highly active regions of intense chemical weathering account for >50% of the consumed CO 2 per year, yet the proportion of this land area is <10% (18, 19) . In these areas, high CO 2 consumption rates are the consequence of elevated physical and chemical weathering rates, which result from a combination of significant topographic relief, high rates of precipitation (20) , elevated surface temperatures, and exposure of large volumes of highly weatherable Ca-and Mgrich (e.g., mafic and ultramafic) rocks (16, 17, 21) . Such conditions are characteristic of tectonically active (or recently active) regions located at low latitude, within the Intertropical Convergence Zone (ITCZ) and adjacent regions of humid tropical climate and high precipitation (6, 9, 16) . Based on these observations, we propose that the obduction of mafic and ultramafic rocks at low latitude that resulted from arc-continent collision during the closure of the Neo-Tethys Ocean exerted important controls on Late Cretaceous to Eocene (100-40 Ma) global climate.
Tectonic Evolution of the Neo-Tethyan Ocean in the Late Cretaceous and Early Eocene
The Neo-Tethys Ocean separated the northern continent of Eurasia and the southern continent of Gondwana. Throughout the Mesozoic and into the Eocene this ocean extended east-west for more that 15,000 km. By the Early Cretaceous, at least two major east-west-trending, north-dipping subduction systems existed in the Neo-Tethys (Fig. 1) : an Andean-style subduction system along the southern continental margin of Eurasia (22) and an intraoceanic subduction system (the Trans-Tethyan Subduction System) in the northern Neo-Tethys Ocean (23, 24) . During the Cretaceous, the Trans-Tethyan Subduction System extended for at least 9,000 km in an east-west direction and was dominantly located at low latitude (25, 26) . The Andean-style subduction system that bounded the southern margin of Eurasia extended east-west for at least 13,000 km, but except in its easternmost extent was located farther north, at ∼20-30°N (27) (Fig. 1A) .
Beginning at ∼90 Ma, the western part of the Trans-Tethyan Subduction System collided southward with the Afro-Arabian continental margin (28) . The collision process, which terminated subduction along this portion of the Trans-Tethyan Subduction System (Fig. 1B) , was diachronous but in parts of the belt lasted until ∼70 Ma (28) . This resulted in southward obduction of the peri-Arabian ophiolite belt over a length of ∼4,000 km along strike; remnants of this obduction event form a nearly continuous belt of ophiolite over the entire length and include the Cyprus, Semail, and Zagros ophiolites (28) . The ophiolitic nappes were thrust up to 500 km onto the continental margin (29) and exposed subaerially (30) .
At approximately the same time, the eastern part the TransTethyan Subduction System collided northward with continental rocks attached to Eurasia, also terminating subduction and resulting in northward obduction of ophiolites along a zone ∼2,000 km in length (e.g., Woyla arc) (31) . Thus, during a time period between ∼90 and 70 Ma (28), ophiolite obduction occurred along a length of nearly 6,000 km, with much of the obducted ophiolites being emplaced at low latitude (Fig. 1) .
Significance
This manuscript provides a mechanism for triggering cooling events following the Cretaceous Thermal Maximum and the Early Eocene Climate optimum that ultimately resulted in the Cenozoic glaciation. We present a quantitative model of changes in CO 2 sources and sinks during the closure of the NeoTethys Ocean. Our results suggest that long-term cooling was predominantly due to obduction of highly weatherable mafic and ultramafic Ca-and Mg-rich rocks (ophiolites) in the wet tropics. Our model accounts for both the two episodes of cooling and also the partial recovery in temperatures between ∼70 and 50 Ma. After these arc-continent collisional events, which affected only the eastern and western portions of the Trans-Tethyan Subduction System, the central part of the subduction system (Kshiroda Subduction System; Fig. 1B ) remained active until it collided with the northern margin of the Indian continent at ∼50 Ma (24) . The collision of this arc with the Indian margin, over a length of ∼3,000 km, also resulted in the southward obduction of mafic and ultramafic arc material and ophiolitic rocks. Remnants of these rocks are preserved today as the Kohistan-Ladakh arc and some ophiolites of the Indus-Tsangpo suture zone of the Himalayas (26) . Paleomagnetic data (32-34) and geodynamic modeling (26) indicate that this Eocene obduction event occurred near the equator, at ≤10°N (Fig. 1C) .
The current strike-perpendicular width of the KohistanLadakh arc is more than 200 km and eastward, ophiolitic klippen are present ∼50-100 km south of the suture zone (e.g., Dargai, Spontang, and Yungbwa; e.g., ref. 35) . This indicates that these ophiolite nappes were thrust at least this distance onto the northern Indian margin, but most of the ophiolitic material has been eroded and/or buried by subsequent continental collision and convergence so that the total emplacement distance is difficult to constrain.
Contemporaneous Climatic Variations
These two periods of arc-continent collision, as well as the associated changes in India-Eurasia convergence rate (26) , are contemporaneous with the global cooling events that dominate the climatic record in late Cretaceous through Eocene time. Ocean bottom water temperatures, which reached a high of 15-20°C during the Cretaceous Thermal Maximum (CTM), began to cool at ∼90-85 Ma, reaching a local minimum of 6-12°C at ∼70 Ma (36) . This cooling event is temporally correlated with the Late Cretaceous obduction of the peri-Arabian and Sumatran ophiolites beginning at ∼90 Ma and lasting until ∼70 Ma (28) . After subsequent warming to 12-16°C during the Early Eocene Climatic Optimum (EECO), cooling resumed at ∼50 Ma (36, 37) , eventually leading to formation of the Antarctic ice sheet at ∼34 Ma (38) . The beginning of this protracted cooling event coincides in time with the collision of India with the Trans-Tethyan Subduction System and the associated obduction of ophiolites and magmatic arc rocks.
Model Calculations
The temporal correlation between obduction and exposure of large tracts of mafic and ultramafic rocks during arc-continent collisions at low latitude in the northern Neo-Tethys and the climatic variations suggests a cause and effect relationship (39, 40) . To explore the possible relationships we model the potential contribution of subduction zone volcanism (source) and ophiolite obduction (sink) to the global atmospheric CO 2 budget (see Supporting Information for details). We begin with the assumption that globally the rates of CO 2 consumption and production were in a steady state during the Cretaceous warm period, including the contribution of sources and sinks in the Neo-Tethys. We model subsequent changes in CO 2 consumption and production rates due to tectonic events in the Neo-Tethys from 100 Ma onward to identify their potential effects on atmospheric pCO 2 and implications for global ocean bottom water temperatures. We compute CO 2 outgassing related to the subduction of carbonate sediments and altered oceanic lithosphere and recycling efficiency. Subduction systems were divided into segments and convergence rates were computed from GPlates (41) and Jagoutz et al. (26) (Supporting Information). For the calculations presented here, thickness of carbonate sediments was estimated at 50 m on oceanic floor that resided largely outside the tropics, and ∼100 m on seafloor that resided largely within the tropics (additional details and results are presented in the Supporting Information).
Because recycling efficiency is poorly known, we reconstructed CO 2 outgassing for a variety of recycling efficiencies (Fig. 2) . The main results of this paper are qualitatively independent of the recycling efficiency (Supporting Information), but for the purpose of discussion below we assume a recycling efficiency in the range of 30-80% (Fig. 2) .
We compute the drawdown in atmospheric CO 2 from the surface area of ophiolitic material obducted and exposed in the northern Neo-Tethys. We assume that most of these mafic and ultramafic rocks were obducted at low latitude and subjected to weathering rates similar to those of Southeast Asia today (16) . The CO 2 consumption rates of Dessert et al. (16) are appropriate for our calculations as Southeast Asia is an excellent modern analog because it is tectonically active, dominated by mafic and ultramafic lithologies, and situated within the ITCZ. The rates used here are conservative as they are a factor of ∼4 lower than other basaltic weathering rates estimates (e.g., ref. 42 ) but about 4 times higher than present day CO 2 -consumption rates of the Semail ophiolite (17) , which now resides outside the tropics. As ophiolites often include large volumes of ultramafic rocks, they have significant higher CO 2 consumption rates compared with basaltic rocks only (17, 21) . Model calculations presented here are therefore minimum values. Finally, the Dessert et al. (16) , consumption rates have also been used in similar model calculations (9, 43) making the results from the different studies directly comparable.
Although geologic data show that locally the emplaced widths of the ophiolites reached more than 300-500 km, the average width of the ophiolite belt is poorly known and it is plausible that exposures of mafic and ultramafic rocks were not everywhere present. Allowing for possible discontinuity in the exposed ophiolite belt, we present results for average emplacement widths between 200 and 400 km, which we believe represents a reasonable estimate of the total area of exposed mafic and ultramafic rocks (Fig. 2 ).
Results
Our model calculations for volcanic CO 2 outgassing from all Neo-Tethyan subduction sources yield ∼10-25 Mt CO 2 /y before 90 Ma. As convergence ends across the eastern and western segments of the Trans-Tethyan Subduction System, the decrease in subduction zone length is more than offset by the increase in India-Eurasia convergence rate, increasing volcanic outgassing to ∼10-40 Mt CO 2 /y by ∼75-70 Ma (Fig. 2) . After final collision between India and Eurasia at ∼40 Ma, outgassing is greatly reduced due to additional decrease in trench length.
We estimate that atmospheric CO 2 consumption by obduction of Late Cretaceous ophiolites of the Trans-Tethyan Subduction System indicate sequestered up to ∼40-70 Mt CO 2 /y by ∼74 Ma (Fig. 2) . Our model results predict that between 90 and 70 Ma CO 2 sequestration rates consistently increased due to ongoing obduction of ophiolitic slabs and increased surface area of highly weatherable mafic and ultramafic rocks. With the end of the first episode of ophiolite emplacement at ∼70 Ma (28) the exposed area of mafic and ultramafic rocks began to decrease by erosion, resulting in a decline of the CO 2 consumption rates in the NeoTethys. At ∼53 Ma, India and the Trans-Tethyan Subduction System collided in the northern Neo-Tethys (Figs. 1 and 2 ). This next episode of arc collision along a 3,000-km length caused CO 2 -consumption rates to increase once again (Figs. 1B and 2 ). Peak CO 2 sequestration from this second emplacement event is computed at ∼40-60 Mt CO 2 /y by 40 Ma. These peak magnitudes of CO 2 drawdown are ∼5-10% of the modern global CO 2 consumption by silicate weathering (18) .
A wide range of parameter space has been evaluated (Supporting Information), all of which result in the dominance of CO 2 sinks over CO 2 sources in the northern Neo-Tethys after ∼90 Ma. Increased rates of CO 2 drawdown due to ophiolite obduction events in the northern Neo-Tethys correlate temporally with the timing of the global cooling trends that ended the CTM and EECO. The timing of tectonic events produces a peak in the net drawdown of atmospheric CO 2 at ∼74 and at ∼40 Ma (Fig. 3) . The gradual reduction of exposed ophiolites by erosion and a concomitant reduction in CO 2 consumption correlate temporally with the recovery of global ocean bottom water temperatures, leading up to the higher temperatures of the EECO.
It is beyond the scope of this paper to model the partitioning of carbon between the ocean and atmosphere and other complex feedbacks within the global carbon cycle. Thus, our model for CO 2 drawdown does not account for the dependence of CO 2 -drawdown rates on total atmospheric pCO 2 nor does it make predictions for the temporal evolution of atmospheric pCO 2 . Because we use rates of CO 2 consumption calibrated to present day levels of atmospheric pCO 2 , and because atmospheric pCO 2 was higher during Cretaceous-Eocene time than at present, and hence chemical weathering rates were also higher (3), our model results probably represent a minimum bound on CO 2 drawdown due to ophiolite emplacement in the Neo-Tethys.
Discussion and Implications
The strong correlation between the tectonic evolution of the northern Neo-Tethys and global climatic variation between ∼90 to ∼40 Ma suggests a causal link between low-latitude ophiolite obduction and the long-term global cooling events that ended the CTM and the EECO. After ∼40 Ma, a variety of younger geologic events probably contributed to continuing CO 2 drawdown [i.e., formation of Himalaya mountains, obduction of New Caledonian and Caribbean ophiolites, and the northward drift of the Deccan traps (9, 12, 40) ]. Thus, we do not attribute changes in global temperatures after 40 Ma to the obduction events described in this paper. However, it is noteworthy that significant CO 2 drawdown due to silicate weathering of mafic and ultramafic rocks at low latitude continues today in Southeast Asia (16, 18) as the result of ongoing subduction and collision between Fig. 4 . Sensitivity of CO 2 consumption to the latitude of ophiolite emplacement. The red curve is the same as the mean model shown in Fig. 3 , with emplacement of ophiolites in the ITCZ with a 250-km width and a 50% recycling efficiency of the subducted carbonates (see also Fig. 3 ). The blue curve is the mean value of a identical model except that basaltic weathering rates are taken to be representative of ophiolites at ∼45°N [Mt Noir of Dessert et al. (16] ).
Australia and Eurasia, in essence the continuing closure of the Neo-Tethys Ocean.
To illustrate the strong dependence of our proposed climatetectonic connection on the latitude of orogenesis, we made an additional calculation that assumes ophiolite emplacement of the same timing and magnitude as that inferred for the northern Neo-Tethys Ocean but occurring in the Northern Hemisphere temperate zone (∼45°N; Fig. 4 ). Because basaltic and ultramafic weathering rates are dependent on temperature and runoff (16, 17, 21) , ophiolite emplacement at mid-to high latitude has a much smaller effect on CO 2 drawdown in the atmosphere. In Fig. 4 , the maximum sequestration rates for midlatitude emplacement reach only ∼9.0 Mt CO 2 /y at ∼71 Ma, insufficient even to balance the contemporaneous 22 Mt CO 2 /y increase of atmospheric CO 2 output due to increased subduction velocities in the Neo-Tethys (Fig. 4) . In addition, the curve corresponding to the modeled CO 2 budget for midlatitude emplacement has a distinctly different profile as that of the observed ocean bottom water temperature through time.
Throughout the Phanerozoic, low-latitude arc-continent collisions appear to be correlated with long-term climatic cooling events. For example, the emplacement of large tracts of mafic and ultramafic rocks occurred at low latitude during the Taconic orogeny and final closure of the Iapetus Ocean between ∼470 and 445 Ma, which broadly coincides with Middle to Late Ordovician cooling and glaciation (11, 39) . Similarly, the closure of the Rheic Ocean and ophiolite obduction in the Hercynian orogeny may be related to the onset of the Permo-Carboniferous ice ages (11, 39) .
In contrast, there are examples of emplacement of large tracts of mafic and ultramafic rocks, similar in size to those cited above, that did not did not occur dominantly at low latitude in E-W belts and do not appear to have had a major effect on global climate. Particularly, ophiolite obduction events along the N-S-oriented margins of western North America in Late to Middle Jurassic time (44) , the Cambrian Australian (45) , and the Ediacaran to Cambrian Central Asian Altaids (46, 47) , do not correlate with longterm global cooling events. This illustrates that only major obduction of mafic and ultramafic rocks in the ITCZ are correlated with long-term global cooling; obduction events outside the ITCZ appear to have little effect on global climate.
The closure of major ocean basins is a fundamental part of the Wilson cycle. The process proposed in this paper relates a specific part of the Wilson cycle, where ocean closure occurs at low latitude along E-W-trending belts, to long-term changes in global climate. This tight connection between tectonism and global climate represents an extension of the Wilson cycle from the solid earth to the oceans and atmosphere. The process described here also indicates a natural, highly effective CO 2 -sequestration process involving the reaction of the atmosphere with rapidly weathering mafic and ultramafic rocks, with possible implications for human-initiated drawdown of atmospheric pCO 2 on shorter timescales (18) .
